We have examined the effects of density and frequency in the larval competition of Drosophila melanogaster by measuring three fitness components: viability (V), mean development time (MDT) and a combination of these two (E). We have detected (contrary to most published results) non-linear effects of density in single-genotype cultures; in addition, different functions are required to describe the density effects below and above the optimal density. Frequency has also non-linear effects in the two-genotype cultures. Only one polymorphic equilibrium frequency, which is stable, occurs with respect to V; but two polymorphic equilibria, one stable and one unstable, exist with respect to E. The responses in single-genotype cultures do not allow one to predict the outcome of the competition in two-genotype cultures.
Introduction
The 'optimal density' (D) of a growing population with limited resources may be defined as that initial number of individuals that yields the maximum number of survivors (Wilson, 1980; Wallace, 1981) . In the case of larval competition studies, optimal density may be redefined taking into account viability (V) and mean developmental time (MDT), two fitness components showing density dependence (Barker & Podger, 1970; Caligari, 1980; Mather & Caligari, 1981) .
The competitive fitness of different genotypes has been shown to depend on the density and the frequency of the competing genotypes (De Wit, 1960; Ayala, 1972; DeBenedictis, 1977; Harper, 1977; Mather & Caligari, 1981; Wallace, 1981; Tosic & Ayala, 1981) . The experiments of Bakker (1961 Bakker ( , 1969 with Drosophila melanogaster indicate that the response of two genotypes competing in a single culture ('bicultures') can be predicted from their performance in separate cultures ('monocultures') . The experiments herein reported are designed to test this relationship with respect to optimal density, D, and to ascertain whether the density response is or not linear (Clarke & O'Donald, 1964; De Jong, 1976; Snyder & Ayala, 1979; Nunney, 1983) .
Material and methods
Two strains of Drosophila melanogaster are used: Oregon-R (Or) and an eye-colour mutant (herein called m), captured in a wine cellar near Requena (Valencia, Spain). The two strains are kept in 250 ml bottles with 50 ml of food medium, at 25 °C and 60o70 relative humidity.
The procedure to obtain large numbers of sameage larvae is as follows. Adults are placed in a culture bottle for 24 h, and then transferred to a bottle without medium where they are exposed to eggcollection 'layers' for 12 h. The layers are watch glasses with a medium made of agar, water, acetic acid and ethanol, to which a few grains of yeast are added. The layers are cut in pieces with 150 to 200 eggs, which are placed in 250 ml bottles with 50 ml of food. When the adults emerged are 5-days old, they are transferred again to fresh culture bottles for 48 h, after which they are exposed to layers for 4 h. These layers are kept in Petri dishes for 18 h, when the larvae are collected and transferred to competition vials. These larvae are of similar age (a range of 4 h) and are progenies of parents are of similar age (a range of 12 h).
The biculture competition vials are 40×8 mm with 0.5 ml of food, seeded with 70 larvae. Competition is intense under these conditions but mortality due to food desiccation is not excessive. V and MDT are measured by counting the number of adults emerging for the vials every second day from the 1 lth until the 25th day after the larvae are seeded. If Wallace's (1981) notion of biological space units is correct, V should be constant below D, but vary above D. We have two models, of which the first one, but not the second, assumes that V is constant below D:
Model I: for N<D, V=constant; for N>D, V= f(N) Model II: for N<D, V=g(N); for N>D, V=h(N). The polynomic fit of either one of the models may require a polynomic function with a degree higher than one.
Optimal density for viabifity and development time
The optimal density models just proposed do not take into account the rate of emergence of the adult flies, which is nevertheless an important contributor to fitness. We adopt the following optimality principle: 'the largest number of adults emerged in the shortest possible time gives the best fitness'. We introduce a fitness parameter, E, with a maximum that maximizes simultaneously viability, V, and the reciprocal of the mean development time, MDT, as follows:
Models

Optimal density for viability
Optimal density (D) is defined as the input number of larvae that yields a maximum number of survivors. This number divides the input density range into two: (1) below the optimal density the resources are not fully used; (2) above that density, the resources are not sufficient for the development of all the larvae. In terms of Wallace's (1982) concept of 'biological space unit', D corresponds to the complete, non-competitive utilization of these units; densities below D leave unused units, those above D require that some units be occupied by more than one individual.
In order to estimate D we use a polynomic fit:
where V=n/N, N is the input number of larvae, and n is the output number of adults emerged. After the fit is accomplished, we obtain numerically the maximum of the following function:
The function adopted for E is:
where i indexes the number of days since the larvae are seeded in the vial, and T i =ti/toptima 1, where t i is the number of days from larva to adult, and toptima 1=10 because that is the minimum number of days from larva to adult in our cultures. Hence,
Let s i be the number of adults emerged in the i-th day, so that Vi=si/N. Then, for computational purposes we can use 10 ~0 Si (4c)
The density giving the optimal fitness is, therefore, the input number that gives a maximum N.E.
Statistical methods
We have analyzed our results by analyses of variance supplemented with polynomic regression, using the method of Bancroft (1964; see Draper & Smith, 1981) to decide the significance of the regression parameters. The larva-to-adult viability is transformed as follows:
The value of N which yields the first maximum n is taken as the optimal density, D.
When the variances are heterogeneous, the data are reanalysed following the method of Sokal & Rohlf (1969, p. 372-73; see Snedecor & Cochran, 1967) .
Results
Monocultures
V' = arc sine ~/(n + 3/8)/(N + 3/4).
The added values of 3/8 and 3/4 are convenient given that in some cases N < 10 (Ashcombe, 1948) .
For numerical computation, we use: Table 1 gives the transformed viability (V'), the mean development time (MDT, in days) and the fitness (E) for the two strains, m and Or, in singlestrain cultures. The results of the analyses of variance are shown in Table 2 . Density has a significant effect for all three parameters in both strains. The values of the parameters of the most significant re- given that E is the product of the viability times the developmental function and both are smaller than one. In the case of the m strain, however, that is not the case due to the fact that the two polynomic regressions are of different degrees (only the firstorder regression parameter is significant for developmental time). Table 4 gives the analyses of variance separately for the ranges N<D and N>_D. In the case of the m strain, the effects of density for the viability function are not significant, which means that Model I is appropriate in this case (i.e., V may be assumed to be constant for N < D). Modell II, however, is required for the fitness function of the m strain as well as for both the viability and the fitness function of the Or strain.
Bicultures
The transformed viabilities, mean development time, and fitness values for the two strains competing together are given in Table 5 . The ANOVA results are given in Table 6 . Comparison of Tables 1  and 5 shows that, generally, there is competition between the strains at all densities. The exceptions are densities 60 and 66 at which the Or strain has better viability and development rate when competing with m than in monoculture.
Frequency-dependence is explored following the approach of Sokal & Karten (1964) and Snyder & Ayala (1979) . The values of the significant parameters are given in Table 7 . Mean development time is constant for both strains and so is fitness for m. MDT has a constant value for both strains, E is constant only for Or.
The viability of Or is linearly frequency-dependent, whereas the frequency dependence is quadratic for both the viability and the fitness of the m strain. In all cases, the performances of the two strains are separately analyzed (Wright, 1969; Nei, 1971; Cockerham et al., 1972) .
In order to determine possible equilibrium points and their stability, we have estimated relative fitness functions (Lewontin, 1958) assuming that the only components contributing to fitness are the parameters herein measured. The results are shown in Table 8 and Figure 2 .
The viability function gives one polymorphic equilibrium point (with the m frequency at p=0.188), which is stable. The fitness (E) function yields" two polymorphic equilibria, one stable (p=0.074) and the other unstable (p=0.962). The rate of development is not significantly frequency dependent: the Or strain is superior to the m strain at all frequencies. 
Discussion
Wallace's (1981) 'unit biological space' and Maynard Smith's (1974) territory are concepts that imply the existence of an optimal density for a group of organisms with a defined set of resources. The optimum occurs when all limiting resources are used but there is no shortage of them. When the organisms share the same genotype, the optimum represents the density below which the viability is constant; when the density is greater than the optimum, the viability decreases. If the concept of optimal density just given is correct, then Model I should also be correct: viability starts to change only when the available resources are not sufficient for all the individuals present (N > D). On the contrary, if competition already exists below the optimal density (N < D), then Model II would be appropriate (the presence of two different functions of N, delimited by N = D, may be justified if the intensity of the competition is qualitatively different below and above that density). Whether or not Model I is sufficient may depend on the particular system considered. In any case Model I as well as Model II assume that viability is not densitydependent linear, and therefore that the output function is not a symmetric parabola, contrary to what is assumed by some models of populations growth, including the logistic function (e.g., Mather & Caligari, 1981; Wallace, 1981) . It may be that a linear density response appears to be the case in some studies, because the number of densities explored is not sufficiently large.
The parameter E that we have proposed is a measure of the rate at which adults emerge, obtained by combining viability and rate of development. Although these two fitness components are k related (MDT= (I/V)( E siti/N)) , the responses obi=0 tained will be different when the process is only density-dependent (in which case their correlation will be higher) and when it is also frequencydependent. The interaction between these two parameters could be, of course, explored with relationships other than the multiplicative one assumed in the definition of E, given that one parameter might be considered more important than the other in particular circumstances.
Can one predict the competition between two strains from the separate study of the strains? Not so in our case. At densities of a given strain above 35 the m strain has better viability than the Or strain in the monocultures, but not in the bicultures. Moreover, such prediction is not possible when interstrain competition is frequency dependent, as it is for viability as well as for fitness in our experiments. Frequency-dependence with respect to larval viability has been repeatedly detected (Sokal & Hubert, 1963; Sokal & Karten, 1964; DeBenedictis, 1978; Snyder & Ayala, 1979; Anxolab6h~re, 1980; Mather & Caligari, 1981; Tosic & Ayala, 1981) . But there have been few attempts to detect frequency dependence with respect to rate of development (Barker & Podger, 1970) . Yamazaki (1971) did not detect it for the est-5 locus in Drosophila pseudoobscura. Snyder & Ayala (1979) had some indication of it, but the frequency-dependence was not statistically significant. We also have failed to detect frequency dependence with respect to mean development time. Although V and MDT are related, which is reflected in the fact that the monoculture responses are similar for both (see Table 3 ), their response in the bicultures is quite different: MDT is constant whereas viability is not and has first degree (Or) and even second degree (m) significant parameters (see Table 7 ). This discrepancy may, of course, be due in part to the relatively large variance of MDT; with additional frequency combinations, a non-constant response might been detected for MDT in the bicultures.
Linear as well as non-linear frequency dependence have been the subject of extensive theoretical investigation (Haldane & Jayakar, 1963; Clarke & O'Donald, 1964; Wright, 1969; Cockerham et al., 1972; Asmussen, 1983) . But there have been few demonstrations of non-linear frequency dependence in the past (DeBenedictis, 1977; Anxolab6-h~re & P6riquet, 1981) . This may have been due in part to the methods used -such as ratio diagrams and linear regression, which are not geared to detect non-linear responses even if they exist (DeBenedictis, 1977; Inouye & Schaffer, 1981) .
An important implication of non-linear frequency dependence is that it can generate more than one polymorphic equilibrium. In our case, there is one (stable) polymorphic equilibrium for viability, but two (one stable and one unstable) for the fitness function that integrates viability and development time.
The polynomic functions used in our models make it possible to detect non-linear responses, as indeed we have uncovered. The conclusions often reached that linear responses are sufficient to account for the competition process may be dependent on the fact that alternative, non-linear models have not been explored. We believe that lack of non-linear response should not be generally assumed unless nonlinearity can be excluded by appropriate statistical tests.
